Introduction
The period (per) gene in Drosophila determines biological rhythmicity in the circadian (24 h), ultradian (< 24 h), and infradian (>24 h) time domains (see Kyriacou and Hall 1994 for a review). Mutations in the gene shorten, lengthen, or obliterate circadian pupal-adult eclosion and adult locomotor activity cycles (Konopka and Benzer 197 1) and have a corresponding effect on the 60-s male lovesong cycle (Kyriacou and Hall 1980, 1989; Kyriacou et al. 1990a ) and the 10-d egg-to-adult developmental cycle at 25°C (Kyriacou et al. 1990b ). The per gene encodes a large -120 KD protein and contains two regions of special interest. The first of these is the so-called PAS-encoding region, which includes two 5 1 amino acid imperfect repeat motifs. PAS regions are also found in a number of other Drosophila and maminantly a nuclear protein (Liu et al. 1992) and that the per protein negatively regulates its own mRNA cycling (Hardin et al. 1990 ).
The second region of interest within per encodes a long uninterrupted stretch of threonine-glycine (ThrGly) pairs in Drosophila melanogaster (Jackson et al. 1986; Citri et al. 1987 ). This region evolves relatively quickly, but Thr-Gly regions are also found in other Sophophoran species, for example, in Drosophila pseudoobscura, in which a less extensive Thr-Gly region is also associated with many copies of a degenerate 5 amino acid repeat (Colot et al. 1988 ) that is polymorphic in length (Costa et al. 199 1) . Within the melanogaster subgroup, all eight species have Thr-Gly repeats , and within D. melanogaster, the number of repeats is polymorphic, both in laboratory (Yu et al. 1987 ) and natural (Costa et al. 199 1, 1992) populations. The same is true for the sibling species Drosophila simulans (Rosato et al., submitted) , but in D. melanogaster, the Thr-Gly length polymorphism shows a strong and statistically significant latitudinal cline throughout Europe and North Africa ). This raises the intriguing possibility that the length polymorphism may be under some kind of selection, presumably thermal. This view is supported to some extent by the finding that the in vitro removal of the uninterrupted repeat in D. melanogaster gives a temperature-sensitive circadian locomotor phenotype (Ewer et al. 1990 ). This Thr-Gly deletion also produces shorter-than-normal lovesong cycles that resemble those of D. simulans (Kyriacou and Hall 1986; Yu et al. 1987) . Chimeric per genes between D. melanogaster and D. simulans reveal that the species specificity of the lovesong cycle (Kyriacou and Hall 1980, 1986) maps to the Thr-Gly repeat plus the immediate flanking regions (Wheeler et al. 199 1) . Thus experimental manipulations of the repeat and its immediate flanking environment produce changes in both the circadian and lovesong behavioral phenotypes. It is therefore of considerable further interest that a comparison of the "repeat" region and these flanking areas in species of the S' ophophora and Drosophila subgenera suggested a possible coevolution of the length of the repeat with its adjacent sequences (Peixoto et al. 1993) .
In this study, we compare the per sequences from the "Thr-Gly" region for species outside the Drosophila genus, indeed outside the family of Drosophilidae. These sequences reveal a surprisingly stable region of the gene.
Material and Methods

Flies
The following flies were used in this study: Beris vallata (soldierfly), Syritta pipiens (hoverfly), Musca domestica (housefly), Loxocera albisata, Rhagoletis completa (a true fruit fly), Drosophila pictiventris, Zaprionus tuberculatus, and Drosophila picticornis. Beris vallata and S. pipiens were provided by J. Mously, New Walk Museum, Leicester. Rhagoletis completa were provided by the University of Padova. The Drosophilidae were obtained from the American Drosophila Stock Center, Bowling Green State University, Ohio. The taxonomy of the flies is described in the Appendix.
The Drosophila melanogaster, Drosophila pseudoobscura, and Drosophila virilis DNA sequences were obtained from the literature (Colot et al. 1988 ).
The amino acid sequence is taken from
DNA Extraction
Fly DNA for PCR reactions was extracted using a modification of the method described by Gloor and Engels (1990) . Single flies were ground in 50-400 ~1 buffer (10 mM Tris-HCl pH 8.2, 1mM EDTA, 25 mM NaCl, 200 l.tg proteinase K/ml). The homogenate was left at 37°C for 1 h and heated to 95°C for 2 min. The DNA was extracted with phenol:chloroform:isomyl alchohol (24:24:2), ethanol precipitated and resuspended in lo-80 ~1 H20. In each 20 ~1 PCR reaction l-4 ~1 were used (the optimal volume for PCR reactions varies from fly to fly dependent on, among other things, the size of the fly and how long it had been dead).
PCR Amplification, Primers, Cloning, and DNA Sequencing PCR amplification was performed with degenerate primers. The following primers were used (Y = 50% C and 50% T, R = 50% A and 50% G, N -25% of each nucleotide): A. 5' -GAYACNGTNAARCARGARGT-3' (543-549), B. 5' -CAYCAYGAYTAYTATGA-3' (598-603), and C. 5' -CATYTCRTCRTTRTGYTT-3' (77 l-776). The primer positions in parentheses refer to the corresponding Drosophila melanogaster amino acid sequence published by Citri et al. (1987) . Figure 1 shows the positions of the various primers in relation to the D. melanogaster protein sequence. For all flies except Beris vallata (where primers A and C were used), DNA was amplified using primers B and C in 30 cycles (95°C 1 min, 50°C 1 min, and 70°C for 2 min) on a Perkin Elmer Cetus theromocycler and electrophoresed on a 3.5% low-melt agarose gel. The main band in the right size range was extracted and reamplified using primers B and C with the same DNA sequence but containing an additional EcoRI (GAATTC) site at the 5' end. The reamplified band was gel purified, extracted, and cut with mZrfl%ZZZZCOZZZ O~clil~.;lilJhail~clil~ EcoRI before being ligated into pUC18 at the EcoRI ~~~J~JJJJJ~~*~ 0$Urn~cn~~cn~~~ wwwwwwwwwwwco * site, and transformed into DHSa-cells. Maxi preparafFEi3E~B~~~BB*~ M w#JbaadJ+JJdJJJ* ,naEEbuJEBEEe@ -M tions were carried out on appropriate clones, and the 9 5 DNA sequences were determined by the dideoxy chain termination method (Sanger et al. 1977) 
DNA Sequence Analysis
Sequence handling, alignment, and translation into amino acid sequence was performed with the help of the University of Wisconsin Genetic Computer Package (UWGCG) version 7.0 programs (Devereux et al. 1984) . The multiple alignment program CLUSTAL V (Higgins et al. 1992 ) was used to help alignment where there was b&&AA&&jJi&l?
; .I ZZW~~cntn~cnuiW evidence of deletion/insertion events. We also searched 0 I I 1 I I : ;g$upgg : .$ w**w****w~w for periodicity in the sequences of region var2 in Dro-
sophila pseudoobscura, by using the autocorrelation E>ZWilP:
.B -B a procedure in the SPSS statistical package (SPSS 1990) .
Results
For descriptive purposes we have divided the sequence into five regions: conserved areas 1, 2, and 3 (consl, cons2, cons3) and variable areas 1 and 2 (var 1, var2). The conserved areas are easily aligned (see figs. 2 and 3), whereas the variable regions cannot be aligned for all species. The boundary between cons1 and varl (figs. 2 and 3) is also the boundary used by Colot et al. (1988) (Peixoto et al. , 1993 in the melanogaster subgroup f? wwwwwwwwww
and the Sophophora and Drosophila subgenera, respecfnrn~rn~fnrnulrA~vI*: xxxxxxYYxYx* B ~~~uJ~~~~ui~~~*-._ tively. The divisions between var2 and the flanking re-E gions cons2 and cons3 are also in the same positions as ul9 z 4 (d P) ' 1 a VI in previous studies (Peixoto et al. , 1993 . Figure 2 gives the amino acid sequence of the three conserved regions, which consist mostly of small neutral amino acids except for the conserved positions between amino acids lo-25 in cons1 where these are mostly acidic residues interspersed with aromatic amino acids. A striking feature of the 79 positions in regions consl, cons2, and cons3 ( fig. 2) is that of the 42 completely conserved positions, 10 are serines. Serines also intrude into 7 of the remaining 37 nonconserved positions. Of the 12 conserved positions in cons2,4 are glycines, with a further 3 nonconserved positions predominantly involving glycine. Ser-Gly pairs are particularly prominent in cons2, resembling the Ser-Gly pairs observed in mammalian proteoglycans (Ruoslahti 1988 ). The DNA sequences in the conserved region 1, 2, and 3 (see fig. 3 ) were used to construct a phylogenetic tree using Kimura's (1980) two parameter distance and the neighbor-joining method (Saitou and Nei 1987 ) available in the CLUSTAL V package. Most bootstrap values (Felsenstein 1985a ) fell below 50% except for one, which reached a level of 98%. This branch point placed Rhagoletis completa as the sister group of the Drosophilidae ( fig. 4) . We also generated a tree based on the protein sequence of regions consl, 2, and 3, but this again produced low bootstrap values (data not shown). Given these low bootstrap values, we cannot place much confidence in our phylogeny. Possible reasons for this appear in the Discussion.
Conserved Regions
_______________________________------_----------------------__C~~~l--~~~------------------------------------~~~~~~~~~~-________ I 118 189 190 GTCGAACAGT CGTAC------AACGAT------GTTGAAC TGCAACGTGA TCCAAGCCCT GATCAATGTT GC GATTATAGTG GTGAAAGTGG TTCGGCTGGA AATCTCAGTT ATGGATCAGT CCTAT------AATGAA---CCAGCTGAAG CTGAATGTAC TGTGAGTCCG GTGCAATGTT TT GAGGGTAGTG GCGGTAGTGG TTCATCGGGA AATTTCACTT ATGGAACAAT CCTAC------AGTACT---CCGGCCAATA CCGGAAGCAA TCTCAGTCCA ATGCAATGTT TT GAGGATAGTG GAGGCAGTGG ATCTTCGAGA AATTGTACTT GTGGAGCAAT CATAC------GACGCA---TCCACCGACG CACGCAGCTT TCGTAGTCCG TTGAGGCATT TT GAAGGTAGTG GTGGTAGTGG TTCATCGGGG AATTTCAACT AACGAGCAAT CGTAC------AGTATT---TCGGCTGATG CACGAAATAC GCTCAGCCCG GTACAATGTT TT GAAGGCAGTG GCGGCAGCGG ATCTTCGGGA AATTTTACCT GGGGAATCCT CGTACGTTAG CAGCGCT---CGCGAGGACG CACGTAGCAC GCTCAGTCCC GTTCATGGTT TT
Variable Regions
Varl
The amino acid sequences of the region varl are also illustrated in figure 2 and present a mixture of short stretches of two to three amino acids, which permits an alignment to be made. Deletions, insertions, and point mutations give this region the appearance of a rapidly evolving area ( fig. 3) 
Var2
The hexapeptide.-Variable region 2 (var2) consists of mainly small, neutral amino acids ( fig. 5) , and the 11 species divide themselves into two distinct groups, the non-Drosophilidae having a short nine amino acid sequence beginning Thr-Ser-Ser (TSS) but with an expansion of this region within the Drosophilidae.
In the outgroup Beris vallata, we note the hexapeptide TSSGSF, which is found in slightly different forms in all the nondrosophilids.
In Drosophila pictiventris, the hexapeptide TSSAGG may have originally duplicated, lost both serines giving TAGG, and mutated to NGGG C (ACNGCN+AA T GGN). This may have been followed by a duplication of the NG encoding sequence to give NGNGGG, and after further point mutations and slippage events, the sequence NGNGGSGA may have been produced. Within this sequence is embedded the pentapeptide sequence NGGSG, and derivatives of this sequence assume considerable significance below.
The pentapeptide.-Clearly, at least one of the two serines within the TSSGSF hexapeptide has been lost in the other drosophilids to create the TSGGG sequence we see in Zaprionus tuberculatus, for example. This sequence appears to have duplicated and mutated in tuberculatus to give the adjacent NSAGG pentapeptide, and traces of the duplication event can also be found in Drosophila picticornis, although the degeneracy of the second repeat is high, which perhaps suggests a deletion of the alanine from an NSAGG motif to NSGG ( fig. 5 ). In
Drosophila virilis, while a second pentapeptide NSASG follows the TSGGE, the second copy is not an obvious DNA repeat of the first. From figure 5 can be seen a number of repetitive motifs suggesting that a combination of slippage and point mutations may have generated the sequence NSASGSSN.
Irrespective of how these pentapeptide and hexapeptide duplications occurred, it is clear from these drosophilids that by one means or another, a second pentapeptide, beginning NS or NG, has been derived from a pentapeptide beginning .43
Nom.-The top line represents the number of nucleotides that are different between adjacent pentapeptides, and the lower line is the dissimilarity between alternative pentapeptide units. The boxes represent the likely units of duplication; for example, a3b2 probably duplicated from a2b1, b5 from b4, and b13b14 from bl 1 and b12. The dotted line box around a5a6 reflects the uncertainty in the derivation of unit a6, which may have duplicated from a5 or b3. The mean ? SEM of this index for adjacent and alternate repeat units for the 5' , middle, and 3' regions is also provided (see text).
TS. In both D. pictiventris and D. virilis, however, duplications within the N $ XXX pentapeptide have changed its structure slightly. As in D. pictiventris, it is also clear that slippage involving a single codon GNN may also have occurred in D. picticornis and 2. tuberculatus, which gave 11 copies in the former species and 10 in the latter (see fig. 5 ). The Thr-Gly repeats and Drosophila pseudoobscura. -Just upstream of region var2 are the last few residues of region cons2 that have either one or two ThrGly pairs ( figs. 2 and 3) . The last four amino acids of region cons2 are either TGTG or AGTG ( fig. 2) , the alanine representing a single mutation of the ACN threonine codon ( fig. 3) . However, together with the first amino acid of region var2, be it a threonine or a glycine (in Drosophila melanogaster only), at least two Thr-Gly (or Gly-Thr) pairs are found at the interface between regions cons2 and var2 (except in D. melanogaster, but see below). By comparing the number of nucleotide changes between adjacent pentapeptide units and alternating pentapeptide units, it is clear from table 1 that the greatest similarity is in the alternating pentapeptides at the beginning of the repeat array. In figure 5 and table 1, the two types of pentapeptide repeats have been labeled as either type a or type b to represent their possible der-A ivations from either the TSGXX or NS -XX encoding G In Drosophila pseudoobscura, the Thr-Gly repeat units, respectively. From table 1, it appears that the first has expanded in region var2 to give eight degenerate few duplications involve the decapeptide unit, with the copies (nine including the first Thr-Gly pair in region alternating pentapeptides being more similar to each cons2), which are interrupted briefly by a degenerate other than the adjacent units. By dividing the pentapepduplication of a threonine codon. Within this repetitive tide array into a 5', middle, and 3' region, and computing the average nucleotide dissimilarity between adjacent and alternative pentapeptide units in these three regions, respectively, we obtained means of 5.27 versus 3.5 for the 5' region, 3.27 versus 3.0 for the middle section, and 4.64 versus 5.4 for the 3' region. These scores reflect the changing pattern of duplications along the repeat array. In the 5' region alternate repeats are less dissimilar than adjacent ones, which suggests that the decapeptide is the unit of duplication.
In the middle region, it is difficult to ascertain whether the duplications involve decapeptide or pentapeptide units because of the predominance of b-type repeats. In the 3' region duplications of adjacent pentapeptides are slightly more common than decapeptides. Of further interest, is that the repeats in the middle region are more similar to each other 'than the repeats in the flanking regions (see table 1 ). As the dissimilarity data are not statistically independent, it is not appropriate to test for significant differences between the three regions.
For a more rigorous examination, we took each of the four nucleotides in turn in the region var2 of D. pseudoobscura and for each of the 627 positions scored the presence of that nucleotide as 1 and the absence as 0. We then used an autocorrelation procedure (SPSS 1990 ) and applied it to the first 100 bp of the sequence.
The autocorrelation searches for periodicity in the data by correlating scores that are one position apart (lag 1 ), two positions apart (lag 2), and so on. Any periodicity in the data is reflected as a significant autocorrelation coefficient for a particular lag. We then moved the 100 bp "window" downstream by 10 bp and repeated the procedure, and we continued doing this until we had reached the end of the sequence, in all generating 53 autocorrelations for each nucleotide. By examining the data, it was clear that the highest correlations fell at lags of 6, 15, and 30, representing periodicities of 6, 15, and 30 bp. However, the relative strength of these correlations changed as the lOO-bp window was moved in the 3' direction. Figure 6 shows the adenine autocorrelation coefficients for the 6, 15, and 30-bp periodicities. Similar results are observed for G, C, and T (data not shown). Note how in the 5' region, a 6-bp repeat shows the strongest correlation coefficient. As this 1 00-bp window moves downstream, the 30-bp repeat then shows the most prominent coefficients, until finally the 15-bp repeat predominates.
These changes in the autocorrelation coefficient reflect the changing pattern of repeats in this region, with the Thr-Gly encoding hexamer giving way to the decapeptide encoding repeat (30 bp), followed by the 15-bp repeat. Note also that the correlation coeffi-cients reach their highest values in the middle region with the 15-bp repeats, which thus reveals their greater homogeneity within this segment. These results confirm our preliminary observations from table 1 and our interpretation of the putative duplication events that have occurred in this region.
The Thr-Gly repeat and Drosophila melanogaster.-Finally, in Drosophila melanogaster, the Thr-Gly encoding hexamers have expanded dramatically. Note that melanogaster is the only species in which region var2 begins with a glycine rather than a threonine. This appears to be due to a duplication of the Gly-Thr-Gly encoding sequence that represents the last three amino acids of area cons2 (see figs. 2 and 3), which thereby produces (Gly-Thr-Gly)s, and giving the interruption in the alternating Thr-Gly pattern ( fig.5 ). Similar duplications of this Gly-Thr-Gly sequence are observed in Drosophila orena and Drosophila erecta, also from the D. melanogaster subgroup, but in both these species an additional duplication produces the sequences (Gly-ThrGly), .
After this initial duplication in D. melanogaster, the Thr-Gly encoding hexamer expands to give at least 20 copies of the uninterrupted Thr-Gly dipeptide. As the ACNGGN repeat degenerates toward the end of the sequence, the pentapeptide NSGTG appears, which looks similar to the b-type pentapeptides of Drosophila pseudoobscura. This appears to be the only copy, although if we assume that the next Thr-Gly pair is a duplication of the last two residues at the end of the NSGTG sequence, the next 10 amino acids also appear to provide two pentapeptides, the second of which, KGGSA, bears a passing resemblance to unit b24 in D. pseudoobscura.
Perhaps the immediately preceding pentapeptide TASSS is a degenerate form of the a-type unit of D. pseudoobscura.
Did the Thr-Gly repeat generate the hexa-andpentapeptide repeats ?-It is noticeable that as the Thr-Gly repeat arrays degenerate in Drosophila melanogaster and Drosophila pseudoobscura, it is possible to derive both pentapeptide types (see unit al, in D. pseudoobscura and unit b in D. melanogaster; fig. 5 ). Thus it is conceivable that the original hexapeptide sequence in the larger flies might have been initially generated by an ancient and perhaps modest expansion of the Thr-Gly repeat. Thus the sequence TSSGSA from Rhagoletis completa, for example, may have originally been derived from an expansion of the Thr-Gly repeat. Duplication and mutation of the threonine codon ACN to a serine codon, TCN, followed by a duplication will generate the residues TSS. The following glycine residue would have made up the glycine partner of the preceding threonine, and the following SA pair may represent another degenerate form of the ACNGGN Thr-Gly encoding hexamer. With this scenario, slippage within the Thr-Gly repeats may have initially generated the hexapeptide, which subsequently produced the pentapeptide by deletion of one of the serine residues.
Discussion
Previous reports have shown that within the Drosophila genus, the region corresponding to the Drosophila melanogaster Thr-Gly repeat has undergone rapid evolution, both in amino acid composition and in length (Colot et al. 1988; Costa et al. 199 1; Peixoto et al. 1992 Peixoto et al. , 1993 . Our sequences from outside the genus reveal that at least two Thr-Gly pairs are encoded at the interface of regions cons1 and var2 in all species examined. Therefore, it would seem that long stretches of Thr-Gly repeats are not required for any function that is conserved within the Diptera. The Thr-Gly region plays a prominent role in the history of the development of ideas about per gene function, because the melanogaster ThrGly repeat is similar to the Ser-Gly repeats of mammalian proteoglycans (Ruoslahti 1988) , and for some time per was believed to encode a proteoglycan (see Kyriacou and Hall, in press , for a review). However, the per-proteoglycan hypothesis does not appear to have passed the test of time (see Saez et al. 1992; Siwicki et al. 1992 , Flint et al. 1993 .
The corresponding var2 region within the other species of the Drosophilidae that we have examined contains other repetitive motifs. Drosophila picticornis, for example, shows evidence of slippage in a trinucleotide repeat and mutation to different amino acids including pairs or triplets of alanines, prolines, or glycines. Evidence of an even more degenerate form of this repeat can be seen in Zaprionus tuberculatus, which is thought to be phylogenetically remote from D. picticornis (Grimaldi 1990; DeSalle 1992; DeSalle and Grimaldi 1992). Outside the Drosophilidae, the construction of region var2 is dramatically different. We have detected no length variation in this region in the five species examined, and within this nine amino acid stretch is embedded a degenerate pentapeptide motif Thr-Ser-Gly-X-X. In the drosophilids Drosophila pictiventris, D. picticornis, 2. tuberculatus, and Drosophila virilis, this pentapeptide, which we call the "a" type, is followed by another that nearly always begins with an asparagine residue. This second pentapeptide (the "b" type) has apparently evolved by an initial duplication of the first TSGXX pentapeptide, followed in some species by further slippage within this unit. In D. pictiventris, however, an original hexapeptide encoding unit appears to have duplicated and, after further slippage events and point mu-tations, generated the b-type asparagine-encoding repeat unit. Thus by a series of duplications and point mutations, two pentapeptides, one encoding TSGXX, the other NS $ XX, evolved in tandem.
Large numbers of both the a-and b-type forms of these pentapeptide units predominate within the var2 region in Drosophila pseudoobscura. An initial analysis revealed that the repeats in the middle section were more similar to each other than those at the ends (see table  1 ). This suggests that the slippage or unequal crossover events that are generating these repeat arrays are predominantly affecting the middle section of the array, and consequently the b-type repeats in this section may be more recent acquisitions. This is confirmed by comparisons among four D. pseudoobscura strains in which insertions and deletions of pentapeptide encoding units occur only in the region between units b4 and b 15, representing largely the middle region (Costa et al. 199 1) . This kind of picture also emerges in the organization of the MS32 and MS1 minisatellite loci in the primates, in which the repeat units in the central positions of the array are more homogeneous than at the ends (Gray and Jeffreys 199 1).
By applying an autocorrelation procedure to the D. pseudoobscura var2 sequence, we observed that in the 5' region the 6-bp repeat showed the most significant periodic pattern, followed by the 30-bp repeat, and finally the 15-bp array as we moved in the 3' direction. This reflected the changing pattern of duplication events in the array and confirmed our initial analyses (table l)-that duplications of the decapeptide encoding units (a + b, 30 bp) had occurred in the 5' region. Furthermore, as the dissimilarity in the 5' region for alternate repeat units is 3.5 + 0.5 nucleotides and is close to the value of 3.0 f 0.36 for the middle region, then it would seem that both the middle and 5' regions are of more recent origin than the 3' region, where the dissimilarity index between adjacent or alternative units is generally higher (table 1) . This pattern is reminiscent of the organization of the involucrin gene, in which the coding repeats appear to be added sequentially in the 5' direction, with all anthropoid lineages sharing a common ancestral 3' region (Djian and Green 199 1; Philips et al. 199 1; Green and Djian 1992) . Thus the autocorrelation procedure has provided a new and elegant analysis of the structure of the repeat and has confirmed and extended our initial analysis using adjacent and alternate repeat dissimilarity (see table 1 ). It is somewhat surprising that this simple statistical test has not been used before to analyze repetitive DNA sequences. In fact, a rather different application involving autocorrelation has recently been used to analyze spatial patterns of DNA sequences (Barbujani and Bertorelle, submitted). As the D. melanogaster and D. pseudoobscura ThrGly repeats degenerate at their 3' ends, it was possible to derive both a and b pentapeptide units ( fig. 5 ). This suggested that the sequence resembling the Thr-Gly repeat may possibly predate the origin of the hexa-and pentapeptide sequence. This reconstruction would imply that there may have been at least two Thr-Gly expansions, the first that generated the hexapeptide and the second that gave the more dramatic pattern seen in the D. melanogaster and D. pseudoobscura lineages. If this scenario is correct, then we might expect to find dipterans, or indeed insects from other orders, that have maintained Thr-Gly pairs but do not have the larger repeat units.
Theoretical models of repetitive DNA evolution (Gray and Jeffreys 199 1; Harding et al. 1992 ) initially require two tandem repeats in order to allow for mispairing and the subsequent generation of high copy number of these repeats by unequal exchanges. After a certain period of expansion followed by a consolidation time or "dwell," in which large numbers of repeats are maintained, there is a contraction to a small copy number and eventually a collapse to a single stable copy. For example, in great apes, Old and New World monkeys, the MS32 noncoding hypervariable minisatellite appears stable and monomorphic, having only three to four repeat units. In humans, however, MS32 shows extreme variation in copy number (Gray and Jeffreys 199 1) . Computer simulations of minisatellite evolution using the best estimates of mutation rate and assuming a direct relationship between allele length revealed that only one in 250 lineages would attain a phase of large numbers (> 200) of repeat units (Gray and Jeffreys 199 1) . Similar results were obtained by Harding et al. (1992) using different mutational models. In both studies, most lineages maintained about two copies of the repeat, which eventually collapsed to a single, stable copy. However, it must be remembered that these models were developed for noncoding repeats and assume selective neutrality. For a coding sequence we would expect that some constraints must apply so that the repeat does not expand to an enormous copy number. Nevertheless, these models suggest that perhaps the Drosophilidae represent a rare lineage in which the expansion of the ancestral repeat unit or units has occurred, even though the general rule will be that this region of per will be short and nonvariable in most families.
We therefore suggest that two adjacent ancestral regions, one encoding a Thr-Gly dipeptide and another encoding a degenerate pentapeptide, for example, TSGGG (consensus from 2. tuberculatus, D. picticornis, and D. virilis), expanded in copy number, in a reasonably independent fashion in the lineage that gave rise to the Drosophila. In some of these species, a modest and imperfect expansion of the five amino acid repeat occurred, whereas in other species such as D. pseudoobscura this repeat expanded more dramatically. Drosophila pseudoobscura is the only species we have analyzed that shows expansions of both the pentapeptide repeat and the dipeptide repeat. Drosophila melanogaster, on the other hand, shows a dramatic expansion of the dipeptide Thr-Gly repeat. It is extremely difficult to generate any kind of phylogeny based on these repeats, as we have attempted to do in previous publications based on the simple Thr-Gly encoding array in the D. melanogaster subgroup of species (Costa et al. 199 1; Peixoto et al. 1992) . However, in our reconstruction of the evolution of region var2, it appeared that D. pictiventris, by sharing the hexapeptide sequence with the nondrosophilids, may represent the initial split from the lineage giving rise to the other drosophilids. However, our formal phylogeny based on the more conserved regions surrounding region var2 could not confirm this and provided little resolution for the relationships between these species. The branching of the hoverfly (Syritta pipiens) was consistent with phylogenies based on morphological characters (see, e.g., McAlpine 1989; Wada 199 l), but inside the Schizophora (includes the four remaining families), the phylogeny was debatable. This study places the Tephritidae as a sister group to the Drosophilidae, whereas McAlpine (1989) places it with the Psilidae and Griffiths (1972) places it with Muscidae. Our bootstrap values for this step were 98%. The relative branch points of the Drosophilidae cannot be resolved with confidence given the low bootstrap values of these branches within this family. For example, our phylogeny places D. melanogaster closer to another species, Zaprionus, rather than to its relatives D. virilis and D. pseudoobscura (Throckmorton 1975) . Reasons for this could be stochastic in that the sequences involved are too short or that this region is under some kind of selection. In fact, it has been suggested (Peixoto et al. 1993 ) that length variation in the var2 repetitive region may drive compensatory mutations in the flanking regions within the genus Drosophila, or vice versa. This idea was based on the observation (Peixoto et al. 1993 ) that the correlation between the protein divergence in the regions immediately flanking the repeat (cons2 + 3) and the length difference in the repetitive region (var2) between pairs of species was highly significant, whereas the correlation of length difference with the third position change found in the same flanking region was not. This difference between the two correlations persisted even when a number of corrections and other controls were performed. This intriguing result suggested that the correlation between the protein divergence in the flanking regions and the length difference was not simply proportional to the length of time since any two species had a common ancestor, because a similar correlation should have been observed with the synonymous position. Thus perhaps high mutation pressure in the form of slippagedriven events in the repeat had driven compensatory changes in the flanking regions. Alternatively, perhaps changes in the flanking region had driven length changes within the repeat.
To further examine this relationship, we correlated the pairwise length difference in region var2 within the drosophilids, with the protein divergence in the upstream region, cons 1, which is a region further upstream to that used elsewhere (Peixoto et al. 1993) . The correlation was nonsignificant (Spearman' s p = 0.11, n = 15), whereas the correlation between the length of region var2 with the flanking region cons2 + 3 was significant (p = 0.62, n = 15, P < 0.05). Thus, it is difficult to argue that the significant positive correlation between the immediately flanking regions (cons2 + 3) and the length difference is simply an inevitable consequence of the time elapsed since a common ancestor, because no significant correlation was observed with the upstream region cons 1. This result therefore provides some further support for the view that length changes in the repeat region are associated with "coevolutionary" changes in the flanking regions. However, our correlations must be treated with caution as no correction was made for phylogeny (see Felsenstein 19853) . The critical experiments to determine whether the length of region var2 has coevolved with the immediate flanking region will require an analysis of hybrid per genes between different Drosophila species in which the exact positions of the chimeric junctions involving the Thr-Gly repeat and the flanking sequences are manipulated.
Thus in the nondrosophilids we have a surprisingly stable picture concerning both of the repeats, which is puzzling because we have experimental evidence that the long Thr-Gly repeat in D. melanogaster plays a role in the "fine-tuning" of the temperature stability of the circadian phenotype (L. Sawyer and A. Peixoto, unpublished data) . These observations may help to explain the European clinal distribution of the length polymorphism of the repeat in D. melanogaster . Perhaps, then, the longer repeats in the Drosophila species (Colot et al. 1988; Costa et al. 199 1, 1992; Peixoto et al. 1992 Peixoto et al. , 1993 ) and the variability in length both between and within these species have been recruited to play a role in the thermostability of the clock. If this does represent an additional adaptation, it is important to note that it has apparently arisen from the expansion of the repetitive region by "genome turnover events" such as slippage and unequal crossover, two mechanisms that play a pivotal role in the more general phenomenon of "molecular drive" (see, e.g., Dover 1989 Dover , 1993 . However, our observations in the larger Dipterans then raise the question of how these flies can adapt their clock to the changes in temperature that they will inevitably experience within their geographical ranges. Temperature compensation is a cardinal feature of true clock phenotypes (Pittendrigh 1954) , and if the long repeats in D. melanogaster serve this function, then how does the Musca domestica per protein, for example, compensate for such environmental challenges? Perhaps the answer will be in an examination of the sequence flanking the Thr-Gly region from Musca strains collected at different latitudes.
In summary, we have presented per gene sequences outside the Drosophila genus. The repetitive region of
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Big Flies, Small Repeats 85 1 per is based on two different repetitive sequences, one encoding a pentapeptide and the other a dipeptide. Outside the Drosophilidae this region appears to be extremely stable, but within the Drosophilidae both types of repeats have undergone expansion. Our DNA sequence analysis coupled to interspecific transformation studies may reveal the functional significance (if any) of the different types of Thr-Gly regions found in these species.
